Abstract Biomass energy crops are prompting major landuse changes in agricultural and marginal land in an effort to reduce dependency on fossil fuels. Miscanthus × giganteus, a perennial giant grass, is one of the main such crops in Europe but few studies exist of its interaction with farmland wildlife, particularly mammals. Understanding ecological impacts of bioenergy planting schemes is vital for mitigating potential negative effects on already declining farmland biodiversity and for maximising any benefits from these low-management, structurally diverse crops. We assessed in a mixed farming area in the UK the impact of Miscanthus crops on the brown hare (Lepus europaeus), a widespread but declining farmland species of conservation concern. We intensively radio-tracked hares in Miscanthus blocks of contrasting size and analysed hare diet for evidence of the consumption of Miscanthus. Home ranges differed starkly averaging 10.5 versus 49.6 ha in the small and the large Miscanthus blocks, respectively. Despite entirely avoiding the crop as food, hares appeared able to exist and even thrive in areas planted with Miscanthus though their populations may be significantly limited by reduced food availability and increased energy use where dense Miscanthus is planted over a wide area. As a component of a mixed farming landscape, Miscanthus may provide biodiversity benefits by increasing spatial heterogeneity and refuge areas for declining farmland species like brown hares but any effect is likely to be strongly scale-dependant.
Introduction
The rapid expansion of bioenergy crops and their relationship with farmland biodiversity in temperate climates have generated increasing interest and concern in recent years (Semere and Slater 2007; Pedroli et al. 2013; Everaars et al. 2014; Bourke et al. 2014) , particularly given that biodiversity in such areas has declined markedly for decades due to agricultural intensification (Benton et al. 2002; Tscharntke et al. 2012) . Second-generation biomass energy crops offer intriguing opportunities to improve spatial and structural heterogeneity in agro-ecosystems by providing areas of tall perennial crops with low mechanical and chemical input (Bellamy et al. 2009; Bourke et al. 2014) . Equally, the theoretical potential for total area occupied by biomass energy crops (principally Miscanthus and short-rotation coppice willow) of between 0.72 and 2.80 Mha in the UK alone (DECC 2012 ) is sufficient to generate significant impacts and land-use conflicts with both food production and farmland biodiversity. Given their novelty, much remains unknown on the specific impacts of bioenergy crops on most taxonomic groups but, where evaluated, impacts depended on the type of planted crop and the crop or land-use it replaces as well as the area it occupies, planting structure and patchiness (for a review, see Dauber et al. Electronic supplementary material The online version of this article (doi:10.1007/s10344-017-1106-5) contains supplementary material, which is available to authorized users. 2015). While there is a general scarcity of data in this area, previous research on ecological effects of such crops has focused on birds, plants or invertebrates and remarkably little is currently known about the impacts of bioenergy crops on mammals, particularly medium-to large-bodied species. This is despite the fact that medium and large mammals in Europe include both threatened species of conservation concern and abundant species such as deer, which can have significant economic and biodiversity effects (Côté et al. 2004 ). Moreover, while previous studies on the effects of biomass energy crops on biodiversity have looked at patterns in occurrence of multiple species, there have been no detailed investigations of the mechanisms by which species interact with these crops, something which is vital if crop production and biodiversity conservation are to be managed jointly.
The tall, Asian perennial grass Miscanthus × giganteus (Miscanthus), a triploid hybrid, is the most planted biomass energy crop in much of Europe including the UK, where over 7000 ha was planted with this crop by 2013 (Defra, Government Statistical Service 2014). We focused on the impact of Miscanthus crops on the brown hare (Lepus europaeus), a declining farmland species of significant commercial hunting interest in Europe and a priority species for conservation in the UK. While the exact causes of the brown hare decline in Europe are complex, agricultural intensification manifested through the lack of suitable resting areas, decreased food availability, increased energy expenditure and the general increase of farmland homogeneity appears to be the primary driver (Vaughan et al. 2003; Smith et al. 2005) . Hares need to access a range of fields for feeding depending on the season and crop types and use small areas of structurally tall vegetation such as blocks of woodland and field margins for daytime resting (Petrovan et al. 2013) . Given the higher abundance of some farmland birds, invertebrates and small mammals in Miscanthus crops in comparison to adjacent farmland (Clapham 2011) , this crop could offer increased heterogeneity and areas of refuge for hares, replacing lost habitat diversity. Conversely, if avoided by hares, it might displace them from areas of previously suitable habitat. We therefore aimed to assess hares' use of Miscanthus crops using intensive multi-season radio-tracking and diet analysis. We compared foraging (active) and resting (inactive) periods of animals in different Miscanthus blocks corresponding to an area substantially smaller than (by around 65%) and larger than (by around 30%) typical hare home ranges. Our aim was to understand to what extent Miscanthus crops could fulfil habitat requirements for hares.
Methods

Study site
We assessed brown hare use of Miscanthus crops in an area of flat mixed farming comprising multiple farms and located in a mixed pasture and arable farming lowland landscape in North Yorkshire, England (54°12′ N, 0°30′ W). Habitat surveys were undertaken each season and fields and habitats were digitised using 1:10,000 Ordinance Survey field maps (Edina, Digimap, http://edina.ac.uk/digimap) and ArcGIS 10.2 software (ESRI 2014) . Several fields of various sizes of mature commercial Miscanthus crops for energy production had been in place for 4-5 years at the time of the study, mostly replacing semi-improved grassland and areas where crops were failing. Two areas with Miscanthus fields, separated by over 1 km, were chosen for the study. One area (hereafter the 'Large block') comprised three large contiguous Miscanthus fields (areas = 8.6, 8.7, 15 .2 ha, total 32.5 ha), surrounded by improved grassland pastures, wheat and barley fields, while the second (the 'Small block') was a single field (7.8 ha) bordered by similar arable and pasture farmland. Miscanthus fields in both areas had uncultivated (but annually cut) 2-m grassy field margins as an entry-level agri-environment measure. The density of hares during [2007] [2008] [2009] in the part of the study area which was almost entirely grassland, estimated using night time line-transect distance sampling, was 41.8 hares km −2 , much higher than the regional average (Petrovan et al. 2011a) , and together with other species, especially pheasants (Phasianus colchicus), hares were subject to commercial hunting on the site (Petrovan et al. 2011b) . Hare density in the Miscanthus areas was unknown and the height of the crop would have meant such data could only have been collected in early spring.
Data collection
Hares were captured inside the Miscanthus fields in spring when the crop was short using a line of two to four beaters and two 100-m-long quick-set long nets (JB nets, UK) placed across openings in hedgerows and access points into the fields. Captured hares were immobilised, sexed and radiocollared with TW-3 cable-tie small mammal radio collars (Biotrack Ltd., Dorset, UK). The combined weight of the collar was less than 1% of the animal's body weight. All animals were released within 6-10 min of capture. Juveniles of less than 2 kg were not collared to avoid potential injuries as collars were not expandable. All procedures were carried out in accordance with the University of Hull Ethical Committee protocols and standards for non-licenced animal species. Radio-tracking was performed on foot using a Yagi antenna using homing-in as a technique in order to obtain high precision fixes (Petrovan et al. 2013) . Fixes were collected with a minimum 3-h interval to obtain independence (Harris et al. 1990 ) and collected with one to four fixes per week during both day (inactive period) and night (active period) and during all four seasons. The active period extended from 1 h prior to sunset until 1 h after sunrise, while the inactive period extended from 1 h past sunrise until 1 h prior to sunset.
Diet was assessed by collecting fresh hare droppings from both areas of Miscanthus fields and separated between seasons as spring, summer and winter. Hare droppings were located by searching a predetermined transect inside the Miscanthus crops and were easily distinguishable from other sympatric species such as rabbits (Oryctolagus cuniculus), based on their size, shape and appearance, with large observable plant fragments on the surface. At least 10 droppings from separate clumps located several meters away from each other were collected from each Miscanthus field to ensure a representative assessment of diet (Puig et al. 2007 ). Six combined samples obtained from hare droppings were analysed from each Miscanthus block in each of three seasons (winter, spring, summer), totalling 36 samples. Dried droppings were mixed with water and broken up with a spatula before sieving through 1.0 mm, 500 μm and 250 μm sieves, with the 500-and 250-μm fractions retained for microhistological analysis. These separate fractions were cleared by boiling in 20% nitric acid solution for 3 min prior to staining and mounting using a Toluidine blue and glycerol solution following Katona and Altbäcker (2002) . Plants were identified by comparison with a reference collection of plant epidermes of species found in the area, including of Miscanthus at different growth stages. Identifications were carried out using a Nikon Eclipse E400 compound microscope with ×10 and ×40 magnifications.
Statistical analysis
Hare home ranges were calculated using kernel density estimates with bandwidth estimated using smoothed cross-validation. In common with standard practice, 95% isopleths were defined as 'total' ranges and 50% isopleths as 'core' ranges (Smith et al. 2004; Petrovan et al. 2013) . Effects of sex, activity period and survey block on habitat use were assessed using repeated measures linear mixed models with individual hare as a random factor. Square root of number of fixes per range estimator was included in the model to account for potential variability in range size due to sampling effort. There were insufficient fixes per combination of individuals and factors to analyse multiple interactions of variables of interest. Analysis was therefore restricted to the three key variables: sex, activity and block as separate, non-interacting factors. Home range and habitat use Further statistical analyses were carried out in R using package nlme (Pinheiro et al. 2015) .
Results
A total of 17 hares, 10 males and 7 females, were tracked for between 4 and 11 months (median = 8 months) in two periods between spring 2010 and spring 2012. Of these, seven animals (four males, three females) were associated with the large Miscanthus block and 10 others (six males and four females) with the small block (Fig. 1) . A minimum of 18 and maximum of 50 fixes were recorded per animal (median = 43). Previous radio-tracking of a larger number of hares at the site had demonstrated this was sufficient to adequately assess home ranges (Petrovan et al. 2013) . A median of 18 fixes (range 7-25) was recorded in active periods, and a median of 24 fixes (range 9-32) was recorded in inactive periods (Table S1 ). It is possible that at the lower range, the small number of fixes used to estimate home ranges for active and inactive periods separately may have not generated stable range estimates. However, the lack of a significant effect of number of fixes in our models suggests that there was no systematic bias caused by this.
Neither 'total' (95%, Fig. 2 ) nor 'core' (50%, Fig. 3 ) ranges size differed significantly between males and females or between active or inactive periods (Table 1 and S1 ). There were no significant differences in the area of Miscanthus used as part of these home ranges between sexes (Table 1) . However, hares used Miscanthus as part of their total ranges significantly more during their inactive than their active periods (mean Inactive = 8.6 ha, s.d. Inactive = 5.1 ha; mean Active = 7.1 ha, s.d. Active = 5.4 ha), though this difference was not apparent for core ranges.
Home range size and area of Miscanthus within the home range differed significantly and substantially between the two blocks for both total and core ranges (Figs. 1, 2 and 3 and Table 1 ). Home ranges were almost five times larger in the large Miscanthus block than in the small for both total and core ranges (total ranges: mean Large While the proportion of a hare's range composed of Miscanthus was generally greater in the small block for both total and core ranges, there was substantial variation and this difference was only just significant for total ranges and was not significant for core ranges.
No Miscanthus fragments were identified in hare droppings, indicating that even after the annual cutting and in its early growing stages in late spring, the plant remains unpalatable and avoided by hares, probably due to the very high lignocellulosic content and the availability of alternative food.
In all three studied seasons, hare diet in the area was comprised largely of wheat (Triticum aestivum) as well as a combination of grassland plants, especially meadow foxtail (Alopecurus pratensis), false oat grass (Arrhenatherum elatius), soft brome (Bromus hordeaceus) and Yorkshire fog (Holcus lanatus) ( Table 2) . While arable fields near the Miscanthus blocks were cultivated with wheat and oilseed rape (Brassica napus) at the time of our study, the grassland species in the hares' diet could be found in both adjacent improved pasture fields, in the grassy field margins of Miscanthus fields, as well as in the less dense patches occupied by Miscanthus itself. In the small block, hares were regularly observed feeding inside open patches of grassy vegetation where Miscanthus had partly failed.
Discussion
Adequate understanding of the impacts of bioenergy crops such as Miscanthus on farmland biodiversity is essential for ensuring the long-term sustainability of the crop and for preventing potential future conflicts. While several previous studies have Fig. 3 Core (50%) home ranges, area of Miscanthus in ranges and proportion of Miscanthus for full, active and inactive ranges by sex and block. X axis labels as in Fig. 2 assessed patterns in biodiversity in Miscanthus crops, we have sought to understand how this novel crop affects the ecology of our target species, the brown hare. As expected for a species that prefers open areas for foraging, hares used Miscanthus fields more during daytime resting periods than for feeding at night when they selected nearby arable crops, such as wheat, and pastures. Hares are highly selective feeders (Schai-Braun et al. 2015) , and we found no evidence that hares fed on the Miscanthus crop itself, including its very early growth stages. While there is extremely little data on herbivory from European mammals on Miscanthus, there is a suggestion that Meadow voles (Microtus pennsylvanicus) target and severely damage Miscanthus × giganteus seedlings (Hager and Stewart 2013) .
The most striking result, however, is the fivefold difference in average hare home ranges between our Miscanthus study blocks. The home range sizes reported for the 10 hares tracked in the small Miscanthus field are, at an average of 10.54 ha across all four seasons, the smallest annual home ranges reported for this species in Europe and significantly smaller than the average for hares in the wider region (25.6 ha; Petrovan et al. 2013) . The fact that such a mobile species, requiring landscape-scale habitat diversity (Vaughan et al. 2003; Smith et al. 2004 ) and which typically uses several fields over the course of the year, can maintain such apparent high density and small home ranges in the vicinity of the small Miscanthus block is strongly indicative that this crop can, in the right Number of fixes was included as a factor in all models but was not significant in any. Significant factors are indicated in bold and asterisked as follows: *p< 0.05, **p < 0.01, ***p < 0.001 conditions, provide highly suitable habitat for this species. By contrast, in the large Miscanthus block, hare home ranges were on average 49.6 ha, almost double the average for hares in the wider region, suggesting that dense and adjoining fields planted with this crop provide poor habitat for this species and might force them to feed at significant distances in nearby fields, with substantial costs in terms of energy expenditure. To some degree, this is similar as for the general increase in farmland field size observed in other studies, yet this crop is different in that it is never consumed by hares, is perennial and requires extremely limited management. The small Miscanthus block in this study is typical in area for fields reported from pastural parts of the UK but much smaller than those in arable areas (Robinson and Sutherland 2002) . Recent UK government statistics (Defra, Government Statistical Service 2014) show that most Miscanthus planting is at a relatively large scale: 67% of UK production (by area) is by growers harvesting at least 20 ha, though whether these represent single large plantings or multiple small ones is not clear.
One of the components of agricultural intensification which has driven losses in farmland biodiversity across Europe has been an increase in the scale of farming and its concurrent homogenisation (Donald et al. 2001) . Large-scale planting of homogeneous Miscanthus crops would appear to present a similar threat to that of traditional crops.
Our results indicate that within farmland settings, the introduction of biomass energy crops, in particular Miscanthus, can have significant effects on the habitat use of a typical farmland species and, by extension, with potential implications on its density and abundance. We show that these effects are strongly linked with the planting scheme. In small blocks and as a component of mixed farming landscapes, Miscanthus might provide increased structural heterogeneity and areas of low mechanical and chemical input of particular importance at times of the year when such areas are scarce in intensively farmed landscapes (i.e. during winter or in late autumn when arable crops are harvested). However, these results would need additional replication in order to confirm their validity in diverse spatial settings. With evidence-based and targeted management which adequately takes into account biodiversity responses to such crops, it is likely that perennial biomass energy crops such as Miscanthus can be used to improve conditions for a range of farmland taxa while at the same time providing soil protection and a source of renewable energy.
